This study reports a hybrid method which allows the formation of biocomposites on stainless steel implants. The main idea of the method is to create multilayer coatings consisting of titanium primer layer and a microarc calcium-phosphate coating. The titanium layer is deposited from plasma of continuous vacuum-arc discharge, and calcium-phosphate coating is formed by the microarc oxidation technique. The purpose of the hybrid method is to combine the properties of good strength stainless steel with high bioactivity of calcium-phosphate coating. This paper describes the chemical composition, morphology characteristics, adhesion and the ability of the formed biocomposites to stimulate the processes of osteoinduction. It is expedient to use such biocomposites for implants which carry heavy loads and are intended for long-term use, e.g. total knee endoprosthesis.
Introduction
One of the goals of the field of medical materials is the creation of new structural materials which can provide optimal biomechanical properties of implants widely used in modern traumatology, orthopedics and dentistry.
Most modern implants are made of metals, because they have good biomechanical characteristics and provide a sufficiently reliable fixation of the injured bones. The advantages of this approach are connected with the high level of elaboration of the manufacturing technology. However, the usage of such medical devices does not provide a fundamental improvement according to the results of musculoskeletal system injuries treatment. To increase the speed of recovery it is necessary to influence the process of reparative osteogenesis directly using the osteoplastic materials such as calcium phosphates.
However, the mechanical properties of calcium-phosphates materials such as high fragility and low wear resistance do not allow using them as biomaterials that carry serious loads. The low mechanical properties are the distinctive feature of highly porous CaP ceramics. But the presence of pores larger than 80 microns is considered as a necessary requirement for sprouting of blood vessels and bone tissue cells [1] . Moreover, the mechanical strength of the implant and bone ingrowth should remain constant during the whole regeneration process.
It becomes clear that single-phase biocompatible materials cannot provide all the necessary functions of bones or other calcified tissues, and therefore there is a need to create multiphase biomaterials with the structure and composition acting like a natural bone. Such materials are classified as hybrid, which can be formed by combination of chemically different components. To merge all the positive properties of the hybrid system components it is necessary to integrate their parts in one material. Hybrid materials include composite materials, multilayer systems, particles and fibers with modified surface [2] . The best way for implants carrying heavy mechanical loads is the creation of composite materials in which the mechanical strength is provided by metallic base and CaP coatings provide bioactive properties, positively influence on the osteogenesis process and reinforce the fixation of the implant in bone tissue [3] .
There are several different methods to form CaP coatings such as plasma spraying [4] , electrophoresis [5] , solgel method [6] , biomimetic method [7] , microarc oxidation [8, 9] , etc.
The simplest, cost effective, well-studied and widely used way to form CaP coatings on titanium implants is the electrochemical method [9] . The method of microarc oxidation (MAO) allows the formation of CaP coating with sufficient thickness and high adhesion with the metallic base. High level of biocompatibility of MAO CaP coatings on Ti is shown in different articles [9, 10] .
However, this method has a limitation connected with the fact that MAO coating can be formed only on the valve group materials (Ti, Zr, Nb, etc.). As for the endoprostheses of big joints, it is preferable to use stainless steel and its alloys as a metallic skeleton, because Ti, Nb, Zr are inferior to them in strength characteristics.
The most prevalent methods of forming Ti coatings are plasma spraying and condensation of materials from the plasma of vacuum-arc and magnetron discharges [11, 12] . Titanium layer allows carrying out the MAO process in electrolyte containing calcium and phosphorus compounds. The main feature of the MAO process is the mixing of oxidizing material with ions of calcium and phosphorus coming from the electrolyte. As a result, the formation of CaP composite on the basic material occurs. A method that implies the formation of the valve group material coating of certain thickness and then its microarc oxidation was proposed in Tomsk Polytechnic University (TPU) and was patented in Russian Federation [13] . In order to reach high adhesion of the titanium layer with the basis, it was proposed to sputter the titanium with vacuum techniques, e.g. vacuum-arc evaporator.
In preliminary experiments the Ti layer was deposited on a steel substrate by magnetron sputtering. It was found out that the Ti layer with thickness of about 1.5 μm, formed from plasma of pulsed magnetron discharge, does not provide the conditions for the following microarc oxidation process. With such thickness the depth of the MAO breakdown discharge reached the steel substrate with the formation of iron oxides, which are extremely unstable in the oxidizing environment.
To form the Ti layer on the substrate the Complex Plant for the implementation of hybrid technologies of ion-beam and ion-plasma modification of materials was used [14] , which provided the obtaining of the sufficient thickness of Ti layer for the MAO process, good adhesion and technologically justified rate of its deposition.
Materials and Methods
Samples prepared for research were made of stainless steel (12X18H9T) of the following size: 15 × 15 × 2 mm.
Intermediate titanium coating from plasma of continuous vacuum-arc discharge in terms of short-pulse, highfrequency plasma-immersion ion assisting was formed on the Complex Plant (CP) in TPU [14] .
Technological capabilities of CP allow organizing a new level of implementing the wide range of hybrid technologies of ion-beam and plasma processing of materials, including cleaning and activation of the surfaces, highintensity and high concentration ion implantation, the formation of wide transition layers between the substrate and the coating, the deposition of coatings in conditions of intense ion mixing on the conducting and insulating materials.
During the formation of the primer valve group metal on the surface of stainless steel CP was equipped with four vacuum arc plasma generators with titanium cathodes, the gas plasma generator and short-pulse highfrequency bias voltage generator.
The preparation of the samples before the formation of the titanium layer included mechanical grinding, polishing with abrasive pastes, chemical cleaning in the ultrasonic bath with a solution of carbon tetrachloride and subsequent drying.
The final preparation of samples for the coating formation was carried out in vacuum on CP. To provide the uniform sputtering of the coating on the surface of stainless steel samples were placed in holders, clamped on the planetary transferring mechanism. Samples rotational speed was 10 rev/min.
Regimes of ion cleaning, heating and surface activetion have been implemented using an Ar plasma, formed by a gas plasma generator with a hot cathode, gas flow rate was 1.5 l/h. Current of vacuum arc discharge was equal (20 -30) A. Ion etching of the stainless steel surface was carried out with high frequency (100 kHz) formation of bias potential with (1 -4) kV amplitude on the surface of the sample, pulse duration was 7 ms and their filling factor was 70%. The pressure of the reaction gas in the vacuum volume varied from 0.8 to 1.5 Pa. The sample temperature was maintained at 450˚C.
At the final stage of preparation of the surface the metal plasma generators had the discharge current equal to 200 A. The stage of the formation of the transition layer between the base material and Ti coating was carried out in the dynamic change of the pulse bias potential from -2.5 to -0.5 kV.
The formation of Ti coating was carried out in plasma of continuous vacuum-arc discharge, pressure was equal to 10 -3 Pa, and the temperature in vacuum chamber was 350˚C -400˚C. Cathode was made of Ti VT1-0. The samples were under a constant negative bias voltage which was ranged from 90 to 500 V. The ion current density was 30 mA/cm 2 . The rate of formation of coatings was 0.33 μm/min; time-up to 120 minutes.
Bioactive CaP coating was formed by MAO under pulsed or direct current in the conditions of spark or arc discharges in a solution of phosphoric acid (concentration is 5% -33%) with the addition of calcium compounds in the oversaturated state. Due to the mixing of the base material with titanium, and the latter with the CaP coating, the biocomposite structure was created.
The MAO process is the oxidation of intermediate titanium layer with oxygen, which is produced during electrolysis, and the interaction of the formed oxide layer with the elements of the electrolyte in plasma of microarc discharges. As a result, the formation of the calcium-phosphate composite on the implant's material occurs.
Qualitative and quantitative phase analysis of the formed biocomposites was carried out using X-ray DRON-3M diffractometer, EVA search program with PDF-2 database of powder samples. The investigation of the biocomposite's morphology and elemental analysis were performed on Philips SEM 515 scanning electron microscope with an integrated system for energy dispersive analysis. Energy dispersive analysis of the transverse section of the biocomposite coating was carried out on samples obtained by the fracture technique.
The thickness of the coatings was determined by the "spherical microsection" method on "CSM Calotest" equipment. Measurement of hardness and elastic modulus of the surface layer was carried out using "CSM NanoHardness Tester" measuring device.
The analysis of the adhesion strength of the Ti coatings was performed by the scratch-test method using "Micro Scratch Tester MST-S-AX-0000" device.
The morphology study of the coatings and surface roughness measurements were made using "MICROME-ASURE 3D Station" three-dimensional non-contact profilometer.
Elemental analysis of the surface layer with a depth resolution of 0.5 -1.0 nm was carried out by Auger electron spectroscopy on "Shkhuna-2" spectrometer.
Results and Discussion

The Investigation of Titanium Layer
The thickness of titanium coatings obtained in the arc mode varied in the range of 5 -40 μm. Figure 1 shows scanning electron microscopy (SEM) images of the samples with Ti coating.
The image analysis shows that there are individual crystallites of titanium and craters of different sizes on the surface of Ti coatings. The shape of the craters indicates that they originate because of the detaching of large microparticles. During the collision with surface of samples such microparticles are in the solid state of aggregation and also they have a low speed. It determines their low adhesive strength. In our case this effect is a positive feature, because it increases the effective area of the Comparative analysis of the obtained radiographs shows that the coating with thickness of approximately 20 µm has no peaks corresponding to elements of the basis material, so it can be stated that the primer titanium layer completely isolates the steel substrate.
According to Auger spectroscopy the basic elements of titanium coating in at.% are Ti-91.1; C-2.2; N-3.1; O-3.6. The total content of impurity elements in the coating does not exceed 10%, which is a valid parameter during the implementation of forming the valve group The results of the study of steel substrate morphology and Ti coatings are shown in Table 1 . Parameter Ra increases slightly with the increase of the coating's thickness.
The adhesive strength study shows that the destruction of the Ti coating with thickness 8.3 µm begins at the critical load on the indenter of 11 N. The observed pattern of the destruction indicates on slight internal residual stress levels, because the typical delamination along the grain boundaries near the track of the indenter is not observed.
The Investigation of CaP Coating
After the MAO process on steel substrates with the titanium primer layer, the thickness of formed CaP coating is about 7 -15 mm, porosity is 2% -8%, and approximate pore size is 5 -7 μm. The surface of CaP coating has a structure typical for the MAO process; SEM images are shown in Figure 3 .
Conducted research shows that the CaP coatings formed by MAO method on the intermediate Ti layer do not reduce the strength properties of the basis material and the Ti primer. The microhardness of the amorphous CaP coatings is 3.11 ± 0.82 GPa (F max = 300 mN), modulus of elasticity of the surface layer is 111 ± 25 GPa. The roughness of the CaP layer (with the parameters Ra-0.88 µm, Rz-7.46 µm) is less than the roughness of the Ti primer.
The crystallization of the amorphous coating takes place in the temperature range 720˚C -780˚C. The properties of the crystallized coating significantly change: roughness (Ra-2.38 µm, Rz-14.15 µm) increases, micro-hardness H = 7.17 ± 2.66 GPa (F max = 300 mN) and Young's modulus E = 60 ± 43 GPa. The composition of the coating is formed with X-ray amorphous phases with a low content of crystalline nanostructured forms. On the surface of coatings there are spherulites with sizes up to 10 μm. The content of calcium integrally rises up to 23%.
According to the results of XRD analysis (Figure 4 ) the chemical composition of the coatings after heat treatment changes, it is represented with various forms of titanium phosphates CaTi 4 (PO 4 ) 6 , CaTiO 3 with the inclusion of calcium phosphates CaP 2 O 6 . According to energy dispersive analysis the elements on the surface of the biocomposite coating are Ti-47.88 at.%, Ca-9.16 at.%, P-12.39 at.%. The Ca/P ratio is 0.74. The low ratio of Ca/P is connected, first of all, with the mechanism of the formation of MAO calciumphosphate coating. Such coating forms on Ti due to the process of oxidation and incorporation into its oxide of the electrolyte's components.
There are elements of the powders of hydroxyapatite and CaO dissolved in the electrolyte as well as the titanium primer layer on the Auger spectra of the biocom-posite (see Figure 5) . The increased amount of carbon on the sample's surface can be explained by the contamination with technical oil during the mechanical sample preparation. The absence of chemical elements which compose steel provides the information that the substrate is completely isolated by multilayer biocomposite coating.
The results of energy dispersive analysis on different depth of the "steel substrate-biocomposite" system are summarized in Table 2 .
The transition "steel-biocomposite" layer contains chemical elements of the substrate material (Fe, Cr, Ni) and titanium primer layer with a small amount of elements of CaP compounds. In the middle of the biocomposite Fe, Cr, Ni are absent, Ti is a key element, which proves the complete isolation of the substrate with the help of primer layer. The quantity of elements of CaP compounds increases closer to the surface of the biocomposite.
The transition "Ti primer layer-CaP coating" structure is shown in Figure 6 . The titanium layer has a porous structure, CaP coating is denser than the Ti layer, and the border between them has no visible defects and exfoliations.
The ability of MAO calcium-phosphate coatings to stimulate the processes of osteoinduction is proven in the in vitro system using the PCR analysis to identify osteopontin, the specific bone marker and also in clinical practice. In the in vitro experiment The formation of the monolayer of mesenchymal stem cells (see Figure 7(a) ) begins on the surface of CaP coating on the 14th day of the in vitro experiment, the emergence of immature bone tissue was observed after 30 days of the experiment (see Figure 7(b) ).
Clinical studies show a positive consolidation of fractures, the absence of complications and relapses, bone regeneration, the absence of irritating, sensibilizing, general toxic and mutagenic action. The advantages of implants with MAO CaP coatings are especially marked during treatment of sedentary elderly patients [15] . 
Conclusions
The MAO method is used by a number of firms for the formation of CaP coatings on Ti implants, which have already demonstrated their effectiveness in clinical practice. In some cases, it is more preferable to use stainless steel and its alloys for large joint endoprostheses, because in comparison with Ti they have better strength properties, but lower biocompatibility. The proposed hybrid method allows forming multilayer composite coatings which consist of titanium primer layer and MAO calcium-phosphate coating on stainless steel implants.
The use of vacuum arc discharge allows the formation of the solid and homogeneous Ti layer on the surface of stainless steel and thickness of this layer is sufficient enough for the MAO process which is a key technique in the hybrid method.
The chemical composition of the biocomposite surface layer defined with the help of Auger, EDS and XRD spectroscopy is presented with compounds of calcium and phosphorus. The composite structure of the coating allows combining the properties of stainless steel good strength with high bioactivity of calcium-phosphate layer for bone regeneration.
It is expedient to use such biocomposites for implants which carry heavy loads and intended for long-term use, e.g. for total knee endoprostheses. The importance and significance of the hybrid method is substantiated by the cost-effectiveness and quality of the formed biocomposites.
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